Abstract. In 1.5 Harmonic Imaging ultrasonography (1.5 HI US), images are obtained in a band intermediate between the fundamental and 2nd harmonic components, resulting in stronger contrast enhancement than in conventional harmonic imaging. We attempted to assess the hemodynamics of hepatocellular carcinomas (HCC) with special attention to blood drainage using 1.5 HI US. Forty-two HCC nodules, metastatic liver tumors and hepatic hemangiomas were studied. In contrast studies, intermittent ultrasound transmission was performed for a period of up to 45 sec after the injection of contrast agent, which was regarded as the vascular phase. The time point of 5 min later was specified as the post-vascular phase, and images were obtained by single manual transmission for comparison of contrast enhancement with surrounding hepatic parenchyma. In addition, histological examination was performed. 1.5 HI US clearly demonstrated the strong tumor vessels in most HCCs. Corona enhancement, in which the areas surrounding the tumor are enhanced, was observed in 71.4% (30/42) of HCC nodules during the post-vascular phase. This sign was not observed in any other tumors. Histological findings revealed that CD34-positive-endothelial cells were prominent in the surrounding area of HCC. In conclusion, 1.5 HI US is an effective tool for evaluating hemodynamics in both early-and post-vascular phase. Corona enhancement may be due to the trapping of contrast agent in the endothelial cells in the surround of HCC nodules and be a novel specific sign for HCC.
Introduction
The usefulness of the peripheral ultrasound contrast agent, Levovist, was initially thought to be limited simply to the enhancement of signals in color/power Doppler echo imaging (1, 2) , but Levovist is currently also applied to the diagnosis of hepatic tumors. Levovist enhances blood flow signals and improves the visualization of tumor vessels in hepatic tumors (3) (4) (5) . Recent technological advances in ultrasonographic diagnosis have led to the development of new imaging techniques that are collectively referred to as 'harmonic imaging', in which images are obtained using the 2nd harmonic components of the ultrasound signal. Among these new techniques, flash echo imaging (FEI) employs intermittent transmission at high acoustic power to allow the microbubbles to enter and fill the scanning plane, thus making it possible to obtain echoes with high sensitivity. In other words, FEI permits the acquisition of clear images with high spatial resolution in which only blood flow information is extracted, making it easier to visualize tumor vessels. In the contrast ultrasonographic examination of hepatocellular carcinoma (HCC), the microbubbles in Levovist cause higher frequency signals to be generated by the tumor than by normal hepatic parenchyma. Consequently, the contrast resolution of the tumor and normal parenchyma is further improved and minute blood vessels within the tumor can be visualized (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . In 2nd harmonic imaging (2 HI), however, the presence of tissue harmonic components may lead to a reduction in contrast enhancement in some cases. To overcome this problem, echoes from tissue must be eliminated in order to extract only the echoes from the microbubbles. Subharmonic imaging and higher order harmonic imaging have been proposed, but subharmonic imaging suffers from low lateral resolution due to the low frequencies employed, while higher order harmonic imaging suffers from limited penetration due to the use of high frequencies, resulting in poor visualization of deep regions. In another method, Doppler technology is used to eliminate tissue echoes and visualize the irregular behavior of the microbubbles (17) (18) (19) , but this method is susceptible to motion artifacts near the heart.
A new technology, 1.5 Harmonic Imaging ultrasonography (1.5 HI US), has been developed to overcome the above problems (20) (21) (22) (23) . In this method, images are obtained using a band that is intermediate between the fundamental and 2nd harmonic components. In 1.5 HI US, a transmission waveform in which the bandwidth is limited is used, and the leakage of fundamental components is therefore reduced. The fundamental components of tissue echoes are effectively separated from the 2nd harmonic components, permitting images to be obtained in an intermediate band that is almost completely free from tissue echoes. When images are obtained in this intermediate band, higher contrast can be achieved between contrast agent and tissue echoes than in conventional 2 HI.
In the present study, we attempted to assess the hemodynamics of HCCs using 1.5 HI US. We found a novel diagnostic sign, corona enhancement in post-vascular phase images.
Patients and methods
Patients. The images evaluated in the present study were obtained from 42 nodules in 38 patients with HCC. The study group included 24 men and 14 women ranging in age from 41 to 78 years (mean age, 62 years). The minimum tumor diameter was 13 mm and the maximum tumor diameter was 42 mm (mean tumor diameter, 25.8±15.1 mm). All 38 patients had hepatic cirrhosis and tested positive for the hepatitis C virus. There were 20 nodules for 20 cases of metastatic hepatic tumor consisting of 11 males and 19 females aged from 62 to 79 with an average age of 64 years, minimum tumor diameter of 25 mm, maximum tumor diameter of 45 mm, and average tumor diameter of 31.4±8.2 mm. Seven cases had metastasis from stomach cancer, 11 cases had metastasis from bowel cancer and 2 cases had metastasis from lung cancer. There were also 8 nodules for 8 cases of hepatic hemangioma consisting of 5 males and 3 females aged from 32 to 56 with an average age of 45 years, minimum tumor diameter of 38 mm, maximum tumor diameter of 56 mm, and average tumor diameter of 44.6±9.8 mm. All cases were histopathologically diagnosed and examined using various diagnostic imaging techniques.
Methods
Contrast-enhanced ultrasonography. Ultrasound images were acquired using a diagnostic ultrasound system (SSA-770A, Aplio, Toshiba Medical Systems Corporation, Tokyo, Japan) with phased-array transducers operating at a frequency of 3.0 MHz (PST-30AT sector transducer, Toshiba). The mechanical index (MI) was set to 1.6, and frequencies of 2.3 MHz/3.3 MHz were employed in clinical 1.5 HI US studies. Contrast images were acquired using FEI. In the clinical study, a total of 7 ml of Levovist (Schering AG, Berlin, Germany) at a concentration of 300 mg/ml was injected as a single bolus via a peripheral vein at a rate of 1 ml/sec. Images were acquired using FEI at intervals of 0.2 sec. The vascular phase was specified as the period up to 60 sec after the injection of contrast agent, and the tumor vessels were observed with the focal point set at the bottom of the tumor. Then, after an interval of 4 min, the post-vascular phase was specified as the period beginning at the 5-min time point, and ultrasound transmission was performed once manually to observe the vascular enhancement (staining) of the tumor tissue. Images were recorded on S-VHS videotape immediately after the injection of contrast agent. The patient was instructed to hold his or her breath for 10-50 sec after the injection of Levovist in order to maintain a constant respiratory phase, and early-phase images were obtained continuously. Subsequently, the system was temporarily set to freeze mode and the images stored in cine loop memory were recorded on the system hard disk. At 5 min after injection, late-phase images were observed for several seconds during breath-holding and recorded on the system hard disk. The diagnostic results obtained using the various imaging modalities in the present study showed no variation between observers and no inconsistent cases.
Immunohistochemical staining for CD34 and CD68. Sections were deparaffinized and hydrated by passage through xylenes and a graded ethanol series (100%-70%). Antigen retrieval was performed on sections by incubation in 100 mM sodium citrate (pH 6.0). Sections were then treated with 0.3% H 2 O 2 in methanol for 30 min to eliminate endogenous peroxidase activity, and stained using the immunoperoxidase technique. Anti-CD34 antibody and anti-CD68 antibody in phosphatebuffered saline solution (PBS) containing normal goat serum were applied as primary antibodies for overnight, respectively. Secondary antibody application and peroxidase staining was performed using a biotin-conjugated goat anti-mouse secondary antibody and the ABC horseradish peroxidase method (Elite ABC kit, Vector Laboratories, CA). After that, sections were washed, incubated with 0.05% diaminobenzidine/0.15% H 2 O 2 , and counterstained with 10% hematoxylin (Waco Pure Chemical Industries, Osaka, Japan), respectively. Surprisingly, contrast enhancement of adjacent liver was observed in 5 min after Levovist injection (Figs. 1 and 2) . These, namely corona-like enhancement, in which the areas surrounding the tumor are strongly enhanced, was observed in 71.4% (30/42) (Table I) . However, these corona enhancement was not detected in metastatic liver tumors and hepatic hemangiomas (Table II) .
Results
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Histological examinations. In order to elucidate the mechanism of corona enhancement, we performed histological examinations in 7 HCC nodules that were surgically resected. We found the presence of dilated portal vessels near the margins of the tumor (septal region). Furthermore, histological (Fig. 3) .
Discussion
In 1.5 HI US, images are obtained using a frequency band that is lower than that of the 2nd harmonic components, Table II . Detection of corona enhancement with 1.5 Harmonic Imaging sonography. ---------------------------------------------- ----------------------------------------------- Table I . Detection of HCC tumors with different imaging methods of 1.5 HI US (n=42).
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No Corona enhancement enhancement  ------------------------------------------------ 4)  -------------------------------------------------Figure 3 . Histological examination of the margins of an HCC lesion (hematoxylin-eosin stain, original magnification x100). (a), histological demonstration of the dilated portal vessels surrounding the tumor (septal region) (arrow) (hematoxylin-eosin stain, original magnification x100). (b), histological section of the margins of the hepatic tumor, demonstrating continuity between the tumor sinusoids and the small vessels of the inner layer (arrow) (hematoxylin-eosin stain, original magnification x100). (c), in immunohistochemical staining (CD68), neither the tumor nor the surrounding hepatic parenchyma were stained, meaning no increase in Kupffer cells. (d), in immunohistochemical staining (CD34), CD34-positive endothelial cells were stained in surrounding areas of tumors (arrow).
thus significantly improving the non-uniformity of contrast enhancement that is frequently observed when a sector transducer is used. Furthermore, because images are acquired by selecting a band in which there are no tissue echoes, the contrast between the microbubbles and tissue is significantly improved. An additional extremely important advantage is related to the overall gain of the system.
In conventional examinations, if the gain is increased excessively, motion artifacts become noticeable in the tissue harmonic and pseudo-Doppler methods. In 1.5 HI US, on the other hand, since there are almost no tissue echoes, the gain can be increased without problems. As a result, contrast sensitivity is significantly improved in deep regions from which only weak echoes are received. In addition, images are generated using the B-mode processing system, resulting in good spatial resolution and minimal motion artifacts and blooming, which are often problems in the pseudo-Doppler method. Furthermore, the combined use of flash echo mode and monitor mode ensures that slices can be maintained or adjusted in real-time even though images are acquired at high acoustic power while the microbubbles are being destroyed. The enhanced slice can therefore be adjusted easily during the continuous injection of contrast agent. In 1.5 HI US, with the use of a frequency near the mean value, acceptable contrast enhancement is obtained from the near field to the far field. This method also avoids the problems specific to the Doppler method and provides clear contrast-enhanced images.
The results of the present clinical study clearly demonstrate that 1.5 HI US is effective for evaluating the vascularity of HCCs, including the assessment of tumor vessels during continuous vascular phase arterial imaging as well as the assessment of post-vascular phase enhancement, staining of blood flow within tumors. In vascular phase real-time continuous imaging, the movement of microbubbles provides the signals for enhancement. In other words, the image obtained depicts the flow of the microbubbles into the tumor vessels. An additional finding in the post-vascular phase was that the tumor parenchyma was less strongly enhanced than the surrounding hepatic parenchyma, although some residual enhancement was seen. This is thought to reflect the flow of microbubbles out of the tumor during the specified interval, resulting in reduced enhancement.
In addition, the current study clearly demonstrated the strong corona enhancement of adjacent liver, in the areas surrounding the tumors in the post-vascular phase, after approximately 5 min. This corona enhancement was not observed in metastatic liver tumors nor hepatic hemangiomas. Previous study revealed that the blood supply to HCC lesions is mainly via the hepatic artery. A single-level dynamic CTHA demonstrated that the blood entered the lesion via the hepatic artery, spread throughout the lesion, flowed into the portal venule in the adjacent liver, and then spread into the surrounding liver, forming corona enhancement at ~30 sec after contrast enhancement injection from hepatic artery. We hypothesized that it may be difficult to detect these blood drainage areas using an ultrasonographic technique. In this study, we observed similar corona enhancement using ultrasonography with contrast medium using 1.5 HI. However, this was observed at a more delayed phase, approximately 5 min after the injection, in ultrasonography than in CT.
In order to elucidate the mechanism of this corona enhancement, we performed histological analysis. Histological examination of 7 nodules confirmed the presence of dilated portal vessels surrounding the tumor (septal area) and also revealed that these portal branches were continuous from the veins within the tumor. In addition, immunohistochemical analysis revealed that CD34-positive endothelial cells but not CD68-positive Kupffer cells are abundant in areas surrounding the tumor. Although continuity with an outflow blood vessel of hepatocellular carcinoma is not proved, these contrast enhanced areas may be blood drainage areas from HCC. We speculated that the microbubble contrast may be trapped by a large number of endothelial cells, forming corona enhancement.
In conclusion, 1.5 HI US permits the vascular structures of HCC and the blood flow dynamics within the tumor to be evaluated, and has been shown to be effective for the differential diagnosis of HCC. The corona enhancement observed in post-vascular phase images is thought to reflect the enhancement of endothelial cells in the blood drainage area. US corona enhancement is expected to be a useful finding for establishing the diagnosis of HCC and is also expected to improve the understanding of vascular dynamics within such tumors.
